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Regulation of syndecan-4 expression with
mechanical stress during the development of
angioplasty-induced intimal thickening
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Josiah N. Wilcox, PhD,b and Elliot L. Chaikof, MD, PhD,a Atlanta, Ga
In this study, we postulated that acute mechanical strain of the arterial wall induces changes in syndecan-4 expression that
in turn may modulate cellular events, which promote neointima formation. Correlative in vivo and in vitro studies were
performed to determine whether: (1) balloon injury of the rat carotid artery induces spatially and temporally regulated
changes in syndecan-4 messenger RNA (mRNA) and protein expression; (2) the application of biaxial mechanical strain
to cultured vascular wall cells regulates the expression of syndecan-4 mRNA and protein and its cell surface distribution
and surface shedding; and (3) shed syndecan-4 directly effects cell motility behavior. We observed that syndecan-4 mRNA
and protein expression were regulated in a temporally and spatially specific manner, such that initial expression of
syndecan-4 was localized to adventitial cells followed by later expression in the neointima. Notably, in vitro stimulation
of isolated adventitial fibroblasts with a mechanical stretch protocol that was designed to mimic in vivo balloon injury
produced a rapid increase in syndecan-4 (4.3-fold increase; P < .001) that was accompanied both by enhanced protein
shedding and by the disassembly of focal adhesions. Also significant was that shed syndecan-4, induced with mechanically
conditioned media, appeared to be responsible for a chemotactic response of adventitial fibroblasts (P  .005). These
results indicate that mechanical strain tightly regulates syndecan-4 expression, which may, in part, provide a mechanism
for the activation of myofibroblast migration from the tunica adventitia into the neointima. (J Vasc Surg 2002;36:
361-70.)
The advent of balloon angioplasty, mechanical atherec-
tomy, arterial stents, and endovascular grafts offer a variety
of minimally invasive approaches for the treatment of ad-
vanced vascular lesions. All of these interventional proce-
dures, however, inherently initiate concomitant mechanical
injury to the vascular wall, with secondary intimal thicken-
ing, lumenal narrowing, and a consequent reduction in
long-term vessel patency. Although local inflammatory re-
sponse1 and thrombus formation2 usually precede neoin-
tima formation, recent experimental and clinical studies
suggest that intimal growth is also related to direct defor-
mation of the vessel wall.3
In physiologic conditions, pulsatile blood flow induces
substantial variations in normal forces across the vascular
wall. Moreover, the distribution and magnitude of these
forces may be further modulated by vessel morphology,
shape, and composition, the presence or absence of hyper-
tension, and other maneuvers that either radially or axially
stretch the vessel wall. Together, these effects shape the
local mechanical microenvironment and influence the de-
velopment of atherosclerosis and other remodeling pro-
cesses that occur in response to acute or chronic vascular
wall injury.4-6 For example, neointima formation is limited
after balloon injury or chemically induced endothelial dys-
function in normotensive elastic arteries and autologous
vein bypass grafts, respectively.7 In contrast, intimal growth
in response to arterial wall injury is enhanced in the pres-
ence of hypertension.8 Likewise, in vitro studies confirm
that cyclic strain, as an analogue of pulsatile stress in vivo,
induces the expression in both vascular smooth muscle cells
(SMCs) and adventitial fibroblasts of immediate-early
genes and transcription factors, which lead to cell realign-
ment and matrix protein production.9 Although these ob-
servations support the notion that wall stress is a potent
stimulus for pathophysiologic adaptations of the vessel wall,
the underlying molecular and cellular mechanisms that
eventually lead to a pathologic endpoint remain undefined.
Syndecan-4 is a cell-surface heparan sulfate proteogly-
can (HSPG) composed of 198 amino acids and has four
potential glycosaminoglycan attachment sites for either
heparan or chondroitin sulfate.10 It is expressed on cells of
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both mesenchymal and epithelial origin, including vascular
SMCs, fibroblasts, and endothelial cells.11 Significantly, the
pendant heparan sulfate chains on syndecan-4 are capable
of binding a variety of ligands that modulate events relevant
to acute tissue repair and chronic injury responses, includ-
ing cell migration and proliferation, cell-substrate interac-
tions, and matrix remodeling.12 For example, heparan sul-
fates may bind fibroblast growth factor (FGF-1, FGF-2,
FGF-7), heparin binding–epidermal growth factor, and
platelet-derived growth factor, all of which are promoters
of mesenchymal cell motility.13-16 Although the capacity of
syndecan-4 to act as a physiologically significant coreceptor
for all of these proteins is not fully established, it is notable
that syndecan-4 is the only cell surface HSPG found in focal
adhesions, where it colocalizes with 1 and 3 integrin
subunits and secreted fibronectin fibrils.17,18 Thus, synde-
can-4 likely also influences cell motility and remodeling
processes by direct contact–mediated interactions with
heparin binding domains found within matrix glycopro-
teins. Finally, recent investigations confirm that members
of the syndecan family, including syndecan-4, also can
mediate biologic effects even after they are shed into the
pericellular environment.11,19-21 Thus, events that modu-
late the expression or shedding of syndecan-4 will un-
doubtedly influence local cell behavior.
In this study, we investigated the hypothesis that acute
mechanical strain of the arterial wall induces changes in
syndecan-4 expression that in turn may modulate cellular
events, which promote neointima formation. Correlative in
vivo and in vitro studies were performed to determine
whether: (1) balloon injury of the rat carotid artery induces
spatially and temporally regulated changes in syndecan-4
messenger RNA (mRNA) and protein expression; (2) the
application of biaxial mechanical strain to cultured vascular
wall cells regulates the expression of syndecan-4 mRNA
and protein, and its cell surface distribution and surface
shedding; and (3) shed syndecan-4 directly effects cell
motility behavior. The results described subsequently indi-
cate that mechanical strain tightly regulates syndecan-4
expression both in vivo and in vitro. This effect appears to
be most pronounced for adventitial myofibroblasts and
may, in part, provide a mechanism for the activation of
myofibroblast migration from the tunica adventitia into the
neointima.
METHODS
Materials. Both S4ED and S4CD antibodies were
provided as a generous gift from Dr N. Shworak at Harvard
University. They are polyclonal rabbit antisera raised
against CEPKELEENEVIPKP peptides derived from syn-
decan-4 ectodoman (S4ED) and CLGKKPIYKKAPTNE
from syndecan-4 cytoplasmic domain (S4CD). Rabbit
polyclonal anti–syndecan-4 (pS179) phosphospecific anti-
body was produced against a chemically synthesized phos-
phopeptide derived from a region of human syndecan-4
that contains serine 179 (Biosource International, Cama-
rillo, Calif).22,23 This region is homologous to that portion
of rat syndecan-4 that contains serine 183. This antibody is
selective for the phosphorylated form of syndecan-4 pro-
tein containing phosphate on serine 179/183. The
PCDNA 3.1/syndecan-4 vector was donated from Dr J. T.
Gallagher at the University of Manchester, United King-
dom.
Carotid artery injury model. Male Sprague-Dawley
rats (350 to 400 g) were anesthetized, and the carotid
artery was injured with a Fogarty 2F balloon embolectomy
catheter, as detailed elsewhere.24 Rats were killed at 30
minutes, 2 hours, 3 days, 5 days, and 14 days after injury.
Isolation of rat adventitial fibroblasts and medial
smooth muscle cells. Male Sprague-Dawley rats (250 g; 6
to 8 weeks old) were anesthetized and killed, and adventi-
tial fibroblasts and SMCs were isolated from the tunica
adventitia and medial wall layer of the aorta, respectively.
Characterization of primary cell lines (passages 5 to 7) was
performed with immunostaining cells with antibodies
raised against smooth muscle -actin (SMA; Sigma, St
Louis, Mo), vimentin (Sigma), and smooth muscle–specific
myosin (Sigma). Cultures that exhibited more than 90%
positive cells for myosin and SMA were used for SMC
(passages 5 to 17) studies. Likewise, cultures in which more
than 90% of cells stained positive for vimentin and fewer
than 10% were positive for myosin (passages 5 to 17) were
used for fibroblast-related experiments.
Mechanical strain assay. Cells were plated onto sili-
cone elastomer-bottomed culture dishes, as detailed else-
where,25 and a uniform biaxial strain profile was generated
with a StrainMaster (Z-Development Inc, Cambridge,
Mass).26 Before cell plating, silicone membrane culture
dishes were autoclaved, rinsed in 10 mL of Hank’s Salt
Saline Buffer, and coated overnight with 2 g/mL of
fibronectin/Hank’s balanced salt solution. Cells were ar-
rested in low serum media (0.5% fetal bovine serum [FBS])
for 12 hours before the onset of experiments. Although the
choice of a given cyclic strain level, as an in vitro correlate
for a particular in vivo micromechanical environment, is
somewhat arbitrary, a mechanical stretch protocol was de-
signed as a rough approximation of an in vivo balloon
injury. Cells were exposed to 10% cyclic strain at 1 Hz for
24 hours in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS. Culture medium
then was replaced with DMEM containing 0.5% FBS, and
cells then were subjected to a 30% static strain for 5 min-
utes, followed by 5% cyclic strain for 24 hours.
In situ hybridization. In situ hybridization was per-
formed as previously described27 with an antisense synde-
can-4 riboprobe generated against a syndecan-4 comple-
mentary DNA (1 to 699 bp). Hybridized mRNA signals
and their locations were identified, and slides were coun-
terstained with hematoxylin and eosin. Tissue sections
identically treated but hybridized with radiolabeled sense
syndecan-4 probes were used as controls.
Immunohistochemistry. Briefly, fixed paraffin-em-
bedded tissues were deparaffinized in xylene and rehy-
drated in descending order of ethanol. After extensive
washes in phosphate-buffered saline solution (PBS), sec-
tions were blocked in 1% gelatin/PBS for 20 minutes and
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incubated sequentially with anti-S4ED antibodies, fol-
lowed by biotinylated goat-anti-rabbit.
Western blotting. As detailed elsewhere,28 pro-
teins were precipitated, fractionated with 15% sodium
dodecylsulfate–polyacrylamide gel electrophoresis, trans-
ferred to a nitrocellulose membrane (0.45 m), and
probed overnight with primary antibody (S4ED or S4CD)
at 1:1000 dilution. Membranes were subsequently incu-
bated with goat-anti-rabbit immunoglobulin G conjugated
with alkaline phosphatase at a dilution of 1:2000 for 3
hours, and proteins were visualized with Nitro Blue Tetra-
zolium.
Ribonuclease protection assay. Radiolabeled ribo-
probes were produced from PCDNA 3.1 ()/rAsynde-
can-4 or pPMG/glyceraldehde-4-phosphate dehydroge-
nase (GAPDH, PharMingen, San Diego, Calif) templates,
and ribonuclease protection assay (RPA) was performed, as
reported in a prior publication.28 Syndecan-4 mRNA ex-
pression was normalized with respect to GAPDH levels.
Immunofluorescence. Cells grown on fibronectin-
coated membranes before and after exposure to cyclic strain
were fixed, and immunofluorescence staining was per-
formed with either monoclonal mouse vinculin antibody
(Sigma; 1:400 dilution) or polyclonal rabbit anti–synde-
can-4 antibody (1:800). In select cases, cells were incu-
bated in deionized water for 30 minutes at 37° C before
fixation and permeabilization to reveal the dorsal location
of syndecan-4 and vinculin.29 Details of this procedure
have been previously reported.28
Boyden chamber assay. Migration was measured
with a 24-well chamber housing polycarbonate filters with
8-m pores. The filters were coated with 2 g/mL of
human fibronectin for 24 hours and then equilibrated in
DMEM plus 0.5% FBS for 30 minutes before use. Cells
were arrested in low serum media (0.5% FBS) for 12 hours
and then detached from a petri dish with cell dissociation
buffer (Gibco LifeTechnology Inc, Gaithersburg, Md),
resuspended in 10% FBS/DMEM at 37° C for 30 minutes,
and plated onto the filters at a density of 8 104/filter with
fresh 0.5% FBS/DMEM. For each assay, triplicate wells
were loaded with 1.5 mL of conditioned media. Condi-
tioned media were collected from cell culture that was
exposed to 10% cyclic strain for 1 hour. To prepare synde-
can-4 and syndecan-4– conditioned media, 5 g/mL of
anti–sydecan-4 or preimmune antibodies, 0.5% protein A
beads, and proteinase inhibitor tablets (Boehringer Mann-
heim, Basel, Switzerland) were included in the media for 2
hours, and the pellets were removed with centrifugation.
All conditioned media were sterilized and supplemented
with 0.5% FBS. DMEM containing 0.5% FBS with or
Fig 1. Photomicrographs show time course of syndecan-4 transcript induction after rat carotid artery injury with in
situ hybridization. Control, Uninjured arteries; arrow, endothelial cells.
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without 10 g/mL of aFGF (Promega, Madison, Wis)
served as positive and negative controls, respectively. After
8 hours of incubation in the Boyden chamber at 37° C in
the presence of test media, cells that remained on the upper
surface of the filters were removed with scraping, and filters
were transferred to a 24-well plate. Filters were washed in
PBS three times, and cells on the lower filter surface were
fixed in 4% paraformaldehyde for 15 minutes at room
temperature and stained with 1% crystal violet. Cell patterns
on the lower surface of the filter were visualized with light
microscopy, and the extent of cell migration was deter-
mined indirectly by measuring the amount of total cellular
proteins with a bicinchoninic acid assay (Pierce, Rockford,
Ill) after cells were lysed in 0.1 N NaOH.
Statistical analysis. All data are presented as mean 
standard deviation. Differences among groups were evalu-
ated with single factor analysis of variance. A value of P 
.05 was considered significant.
RESULTS
Expression of syndecan-4 in balloon catheter–in-
jured rat carotid arteries. The expression of syndecan-4
mRNA and protein in vivo were examined with in situ
hybridization and immunohistochemistry, respectively
(Figs 1 and 2). In uninjured carotid arteries, little or no
syndecan-4 mRNA was observed in the media and adventitia,
and protein expression was evident and largely confined to the
media with scattered acellular staining in the adventitia. These
observations are consistent with very low turnover of synde-
can-4 in the native artery wall.
After balloon-induced injury, increased expression of
syndecan-4 mRNA was noted in the adventitia within 30
minutes. Adventitial cells that stained strongly positive for
syndecan-4 protein were seen within 2 hours, correspond-
ing with expression of mRNA at this time point, as seen
with in situ hybridization. The spatial distribution of syn-
decan-4 mRNA expression remained unchanged from 2
hours to 5 days, with increased expression of syndecan-4
mRNA and protein largely confined to adventitial cells and
absent in medial SMCs. However, some staining was tran-
siently observed in the media 5 days after injury. Notably,
on day 14, both syndecan-4 mRNA and protein expression
were restricted to the neointima, along with strong protein
staining present in the adventitia. SMA was used as a marker to
distinguish SMCs and myofibroblasts from other vascular
cells. Consistent with previous studies,30 syndecan-4 positive
cells in the adventitia at 5 days were identified as myofibro-
blasts on the basis of expression of SMA (data not shown).
Fig 2. Photomicrographs show time course of syndecan-4 protein expression after rat carotid artery injury with
immunohistochemistry. Immunostaining of syndecan-4 proteins is depicted in red. Control, Uninjured arteries; arrow,
endothelial cells; arrowheads, cell-associated syndecan-4.
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Effects of mechanical stretch on syndecan-4 expres-
sion in cultured adventitial fibroblasts. We hypothe-
sized that an acute increase in wall stress initiated with
balloon injury contributed to altered syndecan-4 expres-
sion. Thus, a mechanical stretch protocol, designed as an in
vitro analogue of a balloon injury, was used to examine the
influence of mechanical stretch on adventitial fibroblasts
(Fig 3, A). Cyclic strain amplitude of 10% at a frequency of
1 Hz was chosen to represent the “preinjury” mechanical
environment of the vascular wall. Of note, direct cell injury
has not been observed at this strain amplitude.26 A stretch
injury initiates an acute increase in vessel wall strain, which
Fig 3. Syndecan-4 mRNA and protein expression in response to mechanical stretch in vitro. A, Schematic of
mechanical stretch protocol used to mimic in vivo balloon injury. Cells were exposed to 10% cyclic strain (CS) at 1 Hz
for 24 hours, followed by 30% static strain (SS) for 5 minutes and 5% CS for 24 hours. Arrows show time points at which
samples were collected. B, Mean values of syndecan-4 were normalized to GAPDH (*P  .004; **P  .003; ***P 
.001). Syndecan-4 proteins were probed with S4CD (C) and pS179 (D) antibodies with Western blotting. Numbers of
x-axis in B, lanes 1 to 6 in C, and lanes 1 to 4 in D: 10% CS, 24 hours; 30% SS, 5 minutes; 5% CS, 30 minutes; 5% CS,
1 hour; 5% CS, 4 hours; and 5% CS, 24 hours.
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is often associated with an absolute increase in vessel diam-
eter because of incomplete elastic recoil. Therefore, expo-
sure of cells to a 30% static strain for 5 minutes was selected
as an in vitro correlate of the initial injury event and the
subsequent 5% strain amplitude as an approximate repre-
sentation of the “post-injury” mechanical environment of
the vascular wall. RPA revealed that 30% static strain for 5
minutes, after a 24-hour preconditioning period during
which cells were exposed to 10% cyclic strain at 1 Hz
(baseline), induced a 2.5-fold (P .004; n 3) increase in
syndecan-4 mRNA (Fig 3, B). Continued exposure of cells
to 5% cyclic strain at 1 Hz led to continued accumulation of
syndecan-4 mRNA with a 4.3-fold (P  .001; n  3)
increase observed within 30 minutes. This was followed by
a gradual decrease in syndecan-4 mRNA to levels of 1.79
(P  .019; n  3), 0.73 (P 	 .05; n  3), and 0.56 (P 
.025; n  3) that of control at 1, 4, and 24 hours, respec-
tively.
Total cellular protein was extracted from samples cor-
responding to those used in the RPA analysis and synde-
can-4 protein levels characterized with Western blotting
(Fig 3, C). Three species were detected at molecular
weights of 37 kd, 35 kd, and 30 kd. Overstretching cells
with 30% static strain attenuated expression levels of both
the 37-kd and 35-kd bands by 83% and 76%, respectively
(Fig 3, C). On reinitiation of cyclic strain at an amplitude of
5%, increased expression of intact syndecan-4 protein was
observed within 30 minutes. Although expression of the
37-kd band was maintained at a fairly constant level over a
24-hour period of repetitive stretch, the amount of 35 kd
increased with time. It is notable that the pS179antibody,
which detects the phosphorylated serine residue of synde-
can-4 in the cytoplasmic tail, recognized the 37-kd species
and a 74-kd protein that was a suspected oligomer of
phosphorylated syndecan-4 (Fig 3, D). Thus, 37-kd and
35-kd proteins are likely phosphorylated and nonphospho-
rylated forms of syndecan-4, respectively.31,32 This sug-
gests that as cells are challenged with mechanical stress,
phosphorylation of syndecan-4 occurs promptly once it
becomes available for posttranslational modification.
Recovery of soluble syndecan-4 from mechanical
strain–conditioned media. All syndecans are constitu-
tively shed into the conditioned media of cultured cells as
part of cell surface HSPG turnover.11 In addition, shedding
is also accelerated with direct proteolytic cleavage, cellular
stress, protein kinase C activators, protein kinase phospha-
tase inhibitors, and growth factor receptor–mediated sig-
naling pathways.12 To test the hypothesis that mechanical
stretch also activates the release of membrane syndecan-4,
mechanically conditioned media were collected and synde-
can-4 levels were determined with Western blotting (Fig
4). Syndecan-4 with an apparent molecular mass at 50 kd
was detected in gradually increasing amounts 1 hour, 4
hours, and 24 hours after the onset of 5% cyclic strain and
was not apparent during similar observation periods in
static culture. Because shed syndecan ectodomains may
aggregate, the 50-kd band probably represents a high–
molecular weight oligomer. We do not believe this to be a
nonspecific antibody interaction because antibody cross
reactivity was not detected to syndecan-4
/
 fibroblast
lysates (data not shown).
Effect of mechanical stress on focal adhesions.
Strain-induced changes in syndecan-4 expression also may
be associated with redistribution of this protein within the
plasma membrane (Fig 5). With immunofluorescence tech-
niques, syndecan-4 was localized to the ventral surface of
unstretched cells, displaying a pattern outlining a fibrillar
lattice network, intercalated with punctuate regions, that
radiated out eccentrically toward the cell periphery. At the
leading front margin of the cell membrane, syndecan-4 was
arrayed in an arc-like distribution, aligned with the cell
perimeter. Vinculin, a protein characteristic of focal adhe-
sions, was identified within a distribution similar to that of
syndecan-4. After exposure to 10% cyclic strain at 1 Hz for
24 hours, syndecan-4 redistributed into scattered punctate
regions, principally on the ventral cell surface and vinculin
preferentially located on the ventral aspects of lamellipodia
and filopodia. On initiation of 30% static strain for 5
minutes, vinculin was no longer organized into plaque-like
structures but was evenly distributed through the cell.
Although syndecan-4 was observed within punctate re-
gions and granules, staining for syndecan-4 was most in-
tense in the nuclear region. Exposure to 5% cyclic strain for
an additional 24 hours led to syndecan-4 staining that was
primarily concentrated at membrane ruffles.
Fig 4. Soluble syndecan-4 detected from mechanical stretch con-
ditioned medium. Cells were stretched, and conditioned media
were collected at indicated time points. Proteins were precipitated
by five volumes of cold ethanol and probed in Western blotting
with S4ED antibodies. Lanes 1 to 5: 30% static strain, 5 minutes; 5%
cyclic strain, 30 minutes; 5% cyclic strain, 1 hour; 5% cyclic strain,
4 hours; and 5% cyclic strain, 24 hours.
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Immunostaining of vinculin was similar to that ob-
served after the initial 24 hours of preconditioning at 10%
cyclic strain. These studies support the notion that mechan-
ical stretch induces intracellular redistribution of both syn-
decan-4 and vinculin. In particular, overstretch injury pro-
motes rapid disassembly of focal adhesions that is reversible
after reexposure of cells to cyclic strain.
Chemotaxis and chemokinesis of rat adventitial fi-
broblasts and arterial smooth muscle cells in response
to soluble syndecan-4. The recovery of syndecan-4 from
the media of mechanically conditioned cells, along with
increased syndecan-4 staining in the vascular wall, suggests
that local shedding of soluble syndecan-4 may influence the
behavior of vascular SMCs or adventitial fibroblasts that
contribute to the process of neointima formation. A Boy-
den chamber transwell assay was used to evaluate cell
motility responses of rat adventitial fibroblasts and arterial
SMCs in the presence or absence of soluble syndecan-4 (Fig
6). In the absence of added growth factor or mechanically
conditioned media, few fibroblasts migrated across the
transwell filter during an 8-hour observation period. The
addition of 10 ng/mL of aFGF to the lower wells of the
Boyden chamber induced a 64%  2.4% (P  .004) in-
crease in fibroblast chemotaxis. Likewise, in the presence of
conditioned media, fibroblast migration across the filter
increased by 46.4%  1.3% (P  .005). The chemotactic
properties of conditioned media were abolished on immu-
nodepletion of soluble syndecan-4 from the media (P 
.005). In contrast, both conditioned media and aFGF
exerted minimal chemotactic effect on vascular SMCs.
Moreover, soluble syndecan-4 did not appear to exert a
chemokinetic effect either on fibroblasts or SMCs.
DISCUSSION
The role of mechanical stretch as a determinant of the
local vascular wall response to an acute injury during and
after angioplasty has been investigated. Our results suggest
that mechanical stretch may promote myofibroblast migra-
tion via molecular regulation of syndecan-4 expression.
Specifically, we observed that syndecan-4 mRNA and pro-
tein expression were regulated in a temporally and spatially
specific manner, such that initial expression of syndecan-4
was localized to adventitial cells, presumably myofibro-
blasts, followed by later expression in the neointima. These
Fig 5. Indirect and confocal fluorescent photomicrographs show stretched induced changes of syndecan-4 and
vinculin in adventitial fibroblasts. Cells were stretched with 10% cyclic strain (CS) for 24 hours, 30% static strain (SS)
for 5 minutes, and 5% CS for 24 hours. Control cells were treated identically but without stretching. Immunoreactiv-
ities of vinculin (green) and syndecan-4 (red) were examined and photomicrographed with indirect immunofluores-
cence microscope. Z-scanning of immunostained cells was performed with confocal microscopy. Yellow signals show
colocalization of syndecan-4 and vinculin. Arrowhead indicates syndecan-4 positive staining surrounding vacuole.
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observations are consistent with other reports that suggest
that myofibroblasts migrate from the adventitia to the
neointima after arterial wall injury.30,33 Notably, in vitro
stimulation of isolated adventitial fibroblasts with a me-
chanical stretch protocol that was designed to mimic in vivo
balloon injury produced a rapid increase in syndecan-4 that
was accompanied both by enhanced protein shedding and
by the disassembly of focal adhesions. Also significant was
that shed syndecan-4, induced by mechanically condi-
tioned media, appeared to be responsible for a chemotactic
response of adventitial fibroblasts. Thus, these data support
the notion that changes in syndecan-4 expression in re-
sponse to mechanical stretch contribute to injury-induced
intimal hyperplasia.
Intimal thickening is a common and often deleterious
complication at the site of a surgical or catheter-based
intervention. A principle finding of this report was the
observation that after arterial injury, syndecan-4 expression
was initially localized to the adventitia, with late expression
confined to the neointima. This observation is inconsistent
with earlier studies of syndecan-4 expression in injured rat
arteries. With reverse transcriptase–polymerase chain reac-
tion of whole tissue segments and immunocytochemistry,
Cizmeci-Smith et al34 noted that balloon injury stimulated
the expression of syndecan-4 in medial SMCs 4 hours after
vascular wall injury with subsequent reduction to control
levels within 7 days. In contrast, Nikkari et al35 observed a
gradual increase in syndecan-4 expression after rat carotid
artery injury. Arteries that were stripped of adventitia were
subjected to Northern analysis, which revealed a 1.6-fold
increase in syndecan-4 mRNA 2 weeks after injury. In
general, we did not observe syndecan-4 in the media, with
the exception of a transient expression noted 5 days after
injury. Admittedly, precise determination of the identity of
syndecan-4-positive cells documented over this time course
in the adventitia, media, and intima is somewhat difficult.
However, we believe that these cells are most likely myofi-
broblasts. Prior investigations document that adventitial
fibroblasts possess extensive plasticity and after injury
undergo phenotypic modulation to myofibroblasts that
express SMA, desmin, h-caldesmon, and the nonmuscle
myosin heavy chain-B isoform.30,33,36,37 These cells are
gradually lost from the adventitia, with a concomitant
accumulation in the neointima of cells that stain positive for
SMA, desmin, and nonmuscle myosin heavy chain-B iso-
form. With a lack of definable markers, myofibroblasts are
biochemically, histologically, and ultrastructurally indistin-
guishable from the dedifferentiated SMCs. Our observa-
tion that syndecan-4 expression was initially identified in
the adventitia (2 hours to 3 days), followed by the media (5
days) and neointima (14 days), is consistent with transmu-
ral myofibroblast migration as suggested by recent studies
with LacZ transduced fibroblasts.38
Upregulation of syndecan-4 in the affected vessel wall
also was consistent with the rapid transient increase of this
transcript noted in mechanically stretched adventitial fibro-
blasts in vitro. Levels of syndecan-4 mRNA in cultured cells
varied in response to both the amplitude and the rate of
Fig 6. Effect of soluble syndecan-4 on chemotaxis and chemoki-
nesis of adventitial fibroblasts and arterial SMCs. Soluble synde-
can-4 proteins (S4) were either retained () in or immunoprecipi-
tated (
) from conditioned media, as described in Methods
section. Boyden chamber assay was used to determine cell chemo-
taxis (CT) and chemokinesis (CK). Results of three independent
experiments are expressed as mean standard deviation computed
from six measures of each group. Bar, 100 m.
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cyclic strain. These results suggest that an angioplasty-
induced local mechanical stimulus may directly regulate
syndecan-4 expression in vivo. Although the precise in vivo
and in vitro regulatory mechanisms remain obscure, there
are two conceivable stretch-dependent regulatory path-
ways. First, cyclic strain may have a direct effect on synde-
can-4 gene transcription. The promoter region of synde-
can-4 includes cis-acting elements for Sp1, Ap-2, NF-kB,
MyoD, H4TF-2, and LBP-1,39 of which alkaline phospha-
tase–2, NF-B,40 and SP-141 are inducible with cyclic
strain in cultured endothelial cells and vascular SMCs. This
suggests that the syndecan-4 gene may be capable of re-
sponding to cyclic strain at a transcriptional level. Indeed,
we have previously shown that, similar to c-fos and Egr-1,
vascular SMC syndecan-4 is an immediate-early gene in
response to cyclic strain.42 Second, stretch-induced release
of mitogens may also participate in the regulation of syn-
decan-4. Transcription of the syndecan family of HSPGs is
promptly induced by mitogens,19,34 fatty acids,43 cyto-
kines,44 and proteases.19,34 In particular, basic FGF, which
is a known inducer of syndecan-4, may be released from
SMCs with cyclic strain if it is of sufficient magnitude to
produce cell injury (14% strain amplitude).26 Thus, a
paracrine/autocrine feedback loop may reinforce the effect
of cyclic strain on syndecan-4 transcription.
Immunohistochemical staining in vitro revealed that
acute overstretch of adventitial fibroblasts disrupted the
normal intracellular distribution of syndecan-4 and vinculin
and led to rapid and complete loss of focal adhesions. This
was associated with a decrease in serine-183 phosphoryla-
tion. Previous investigations have shown that syndecan-4 is
endogenously phosphorylated with a novel protein kinase
C isoform at serine-183 that is located immediately up-
stream of a nine-amino acid segment involved in binding to
and activation of protein kinase C .22,23
Phosphorylation of the core protein inhibits the oli-
gomerization of syndecan 4 and, as a consequence, may
alter its association with other coreceptors or the actin
cytoskeleton, thereby, inhibiting its recruitment into focal
adhesions. Thus, high-amplitude strain possibly directly
upregulates a phosphatase or downregulates a kinase in-
volved in controlling the level of serine-183 phosphoryla-
tion. Alternatively, a bFGF-dependant pathway may have
mediated the observed decrease in syndecan-4 phosphory-
lation. Cheng et al,26 for example, have observed that large
mechanical deformations in vitro (14% strain) lead to
direct cell injury with release of FGF-2 from intracellular
stores. Exposure of NIH 3T3 cells to bFGF has been
reported to produce a two-fold to three-fold reduction in
syndecan-4 phosphorylation via a serine/threonine phos-
phatase pathway.23 Significantly, stretch-induced reduc-
tion in syndecan-4 phosphorylation may promote cell mo-
tility by facilitating the oligomerization of the syndecan-4
core protein into signaling complexes with the bFGF recep-
tor, actin cytoskeleton, or other focal adhesion components.
Our investigations show that mechanical stress can
upregulate the shedding of syndecan-4, which in turn can
exert a chemotactic effect on adventitial fibroblasts. Al-
though the mechanism for this effect was not defined, two
attributes of syndecan-4 may be responsible for our obser-
vation. Bernfield and colleagues11 have observed that shed
syndecans retain their ligand binding properties and may
act as soluble biologic effectors. For example, shed synde-
can 1 binds neutrophil elastase and cathepsin G and pro-
tects them from their physiologic inhibitors.21 In addition,
shed syndecan 1 also has been shown to potentiate FGF-2
mitogenicity when treated with platelet heparinases, pre-
sumably by releasing N-sulfated heparin-like domains.20
Although the biologic effects of shed syndecans have been
largely attributed to their associated glycosaminoglycan
chains, the syndecan-4 core protein also can enhance cell
adhesion through a high affinity cell binding domain that has
been identified in the extracytoplasmic portion of the recep-
tor.45 Although the counter receptor to this domain has not
been identified, recombinant and native syndecan-4 shed
from the cell surface promote the adhesion of fibroblasts to
syndecan-4–coated substrates. Thus, both the core protein
and the associated GAG chains may be responsible for pro-
moting the observed chemotactic response to shed synde-
can-4.
Our data support the postulate that changes in the
amount of cell surface syndecan-4 are tightly regulated by
mechanical stress. Significantly, prior reports have failed to
note that syndecan-4 is initially upregulated in the adven-
titia of the vascular wall and that its subsequent expression
is largely confined to the neointima. Moreover, although
stress-induced events clearly enhance mRNA and protein
expression, the mechanical microenvironment also has a
pronounced impact on the regulation of syndecan-4 shed-
ding. The retention of biologic activity by shed syndecan-4
along with alterations in the amount of cell surface HSPGs
may influence a variety of cell-cell and cell-matrix interac-
tions and other responses related to soluble heparan-bind-
ing ligands. Together, these events may contribute to the
maladaptive responses that lead to restenosis after acute vessel
wall injury. In turn, understanding the cellular and molecular
impact of mechanical stress on the vascular wall may lead to
adjunctive therapeutic method that improve the efficacy of
both transcatheter and operative interventions.
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